It is essential for the improvement of adoptive cell therapies nerve growth factor receptor, and HSVtk. In the dicistronic to generate efficiently large populations of human primary vector NIT, NTP is expressed as a cap-dependent marker T cells that reliably express a suicide gene conferring drug and HSVtk as a nonselectable IRES-dependent gene. Cellsensitivity, such as herpes simplex virus thymidine kinase surface expression of NTP is sufficient to allow for the (HSVtk). We show here that an optimized dicistronic vector efficient and rapid enrichment of the transduced cells to containing the encephalomyocarditis virus (EMCV) internal high purity. Of these purified lymphocytes, 97 ± 4% and 92 ribosomal entry site (IRES) is functional in human primary ± 6% are selectively eliminated when cultured in the pres-T lymphocytes that bear on average one integrated vector ence of 1.0 or 0.1 M ganciclovir, respectively, establishing copy per cell. We demonstrate reliable coexpression of the that the EMCV IRES ensures efficient and sufficient marker NTP, an inactive mutant of the human low-affinity expression of two genes in human primary T cells.
The genetic alteration of primary T lymphocytes is essenselectable marker express a second gene, depends in part on the vector design. Dual promoter vectors are comtial for experimental and clinical investigation, including the study of T cell function in vitro, the manipulation of monly used to this end. 1,2 However, such vectors often lead to transcriptional interference and/or dissociated the immune response in vivo, and the improvement of adoptive cell therapies. The generation of large numbers gene expression, with a sizable fraction of the cells expressing the selectable marker that fails to express the of genetically modified T cells for these purposes requires high-efficiency gene transfer in primary cells and reliable cis-linked transgene. [3] [4] [5] [6] Alternatively, internal ribosomal entry sites (IRES) derived from picornaviruses 7, 8 can be transgene expression in virtually all of the transduced lymphocytes. A practical approach should provide the used to coexpress genes by cotranslation within di-or tricistronic transcription units. [9] [10] [11] [12] [13] [14] However, the effectivemeans to carry out the following: (1) efficient gene transfer in both CD4
+ and CD8 + cells without selection in bulk ness of the IRES has not been carefully examined in human cells. The proper function of the dicistronic unit cultures; (2) reliable coexpression of any nonselectable gene and an independent marker; (3) accurate identifiis dependent on the assembly of one ribosomal unit at the 5Ј end of the capped transcript and another on to the cation on a single-cell basis of the fraction of transduced cells that express the transgene; (4) rapid purification of IRES, which is itself dependent on the binding of cellular proteins to several regions of the IRES, some of which the transgene-expressing cells; and (5) easy monitoring of transgene expression over time in vitro or in vivo. We may be differentially expressed. [15] [16] [17] [18] In most studies, a selectable marker is cloned downstream of the IRES, predemonstrate here that these stringent requirements can be achieved through the use of pseudotyped dicistronic cluding the assessment of cap-independent gene expression in the absence of prior selection. We therefore recombinant retroviruses.
Different types of vectors have been used to coexpress evaluated the function of the IRES in human polyclonal lymphocytes by purifying the cells expressing the NTP two genes. The probability that both genes be expressed in a single cell, ie the likelihood that cells expressing a marker that was cloned in the 5Ј position and then determining on a single-cell basis what fraction of the cells expresses the gene cloned in the 3Ј position. We constructed dicistronic vectors encoding HSVtk
The human low-affinity nerve growth factor receptor infected cells as the control. HSVtk expression leads to reduced proliferation and cell death after exposure to the (LNGFR) was mutated and truncated to generate an inactive cell surface marker. 19 The Figure  1 . In the vector NIT, the first cistron of the capped dicis-1, 3 H-TdR incorporation was reduced in NIT + cells (92% positive by FACS analysis) by an average of 91% after 4 tronic mRNA is translated by a cap-dependent scanning mechanism, and the second, encoding HSVtk, by capdays of culture in the presence of 1-0.1 m GCV. A slightly lesser reduction was observed at the 0.01 m conindependent internal ribosomal entry. High-titer producer cell lines were derived from the PG13 packaging centration of GCV. In contrast, control NTP-infected lymphocytes showed a small reduction in proliferation, cell line and screened for helper virus.
2 No replicationcompetent retrovirus was detected. The PG13/NTP6 and always less than 12%, in the same range of GCV concentration. To assess whether the reduction in 3 H-TdR incor-PG13/NIT7 supernatants were used as cell-free viral stocks with a viral titer of 9 × 10 5 and 3 × 10 5 infectious poration observed under these conditions could in part result from a bystander effect, cell-mixing experiments particles per milliliter, respectively, as measured by FACS and Southern blot analyses on human A549
were performed. Varying numbers of NTP-and NITinfected lymphocytes were admixed and cultured in the cells.
2,19
Peripheral blood mononuclear cells (PBMC) freshly presence of GCV. As shown in Table 2 indicell-free viral stocks obtained from the same producer cell consistently yielded 22-28% positive cells (Figure 2a and cates that the observed decrease in 3 H-TdR incorporation by GCV-treated NIT + lymphocytes is 97 ± 4% of that preb). A comparable fraction of both CD4
+ and CD8 + subsets were NTP +19 and NTP expression remained stable dicted at 1 m GCV and 92 ± 6% at 0.1 m. Thus, while these analyses stop short of demonstrating the physical between days 3 and 16 in lymphocytes infected with the GaLV-pseudotyped virions. 19 Southern blot analysis perpresence of HSVtk protein in the transduced cells, they establish that the EMCV IRES ensures functionally relformed on genomic DNA extracted from sorted CD3 + NTP + cells 4 days after infection with the GaLV evant levels of HSVtk expression in human T lymphocytes. Importantly, HSVtk expression was obtained in virions showed unrearranged vector sequences of the predicted size at an average of one vector copy per cell lymphocytes bearing on average a single copy of the dicistronic vector, as demonstrated in the Southern blot (Figure 3) .
Four days after infection with the GaLV-pseudotyped analyses (Figure 3) , and therefore could not be accounted for by one vector expressing the NTP marker and another virions, the PBMC were harvested, labeled with the 20.4 monoclonal antibody, and sorted to high purity. The one HSVtk. The efficient generation of primary lymphocytes is of expression of HSVtk was functionally evaluated by ganciclovir sensitivity of NIT-infected T cells, using NTPgreat interest to the study of T cell function in vitro and 23, 24 Using a reliable vector design, cell-surface markers provide the means to accurately quantify, rapidly purify, and continuously monitor the cells that express the transgene. To ensure that a high percentage of the cells that express the marker also express relevant levels of the second nonselectable gene encoded by the vector, we investigated the function of dicistronic vectors rather than the more commonly used dual-promoter vectors.
1,2 The EMCV IRES has been utilized in several cell types, including fibroblasts, 9,10,13,25 hematopoietic cells 26, 27 and embryonic stem cells.
11,28
Internal ribosomal binding is dependent on the expression of cellular factors [15] [16] [17] [18] that are differentially expressed by different cell types, as shown for the IRES of hepatitis A virus 29 or poliovirus. 7, 30 In most studies, a selectable marker is cloned in the 3Ј position and therefore does not allow for the examination of the function of the IRES because the selected cells obligatorily display IRES-dependent expression. Importantly, the function of suggests that the EMCV IRES is in fact dependable in human cells, at least in T lymphocytes.
The junction between the EMCV leader and the down- (87) a After sorting, the T lymphocytes were resuspended in fresh medium containing rIL2 (10 U/ml) at 2 × 10 6 cells/ml. One hundred thousand cells per well were plated in 96-well plates. Ganciclovir (Syntex, Palo Alto, CA, USA) was added at various concentrations at the onset of culture. On day 4, 0.5 Ci tronic vectors may not consistently provide high-level to permit cell purification (data not shown). As we show 792-800.
here, expression of HSVtk cloned in the 3Ј position is reliability of IRES-directed translation. Thus, while dicis-
